Ultrafast acoustics measurements on liquid mercury have been performed at high pressure and temperature in diamond anvils cell using picosecond acoustic interferometry. We extract the density of mercury from adiabatic sound velocities using a numerical iterative procedure. The pressure and temperature dependence of the thermal expansion (αP ), the isothermal compressibilty (βT ), the isothermal bulk modulus (BT ) and its pressure derivative (B ′ T ) are derived up to 7 GPa and 520 K. In the high pressure regime, the sound velocity values, at a given density, are shown to be only slightly dependent on the specific temperature and pressure conditions. The density dependence of sound velocity at low density is consistent with that observed with our data at high density in the metallic liquid state.
Ultrafast acoustics measurements on liquid mercury have been performed at high pressure and temperature in diamond anvils cell using picosecond acoustic interferometry. We extract the density of mercury from adiabatic sound velocities using a numerical iterative procedure. The pressure and temperature dependence of the thermal expansion (αP ), the isothermal compressibilty (βT ), the isothermal bulk modulus (BT ) and its pressure derivative (B ′ T ) are derived up to 7 GPa and 520 K. In the high pressure regime, the sound velocity values, at a given density, are shown to be only slightly dependent on the specific temperature and pressure conditions. The density dependence of sound velocity at low density is consistent with that observed with our data at high density in the metallic liquid state. For most of its thermodynamic properties liquid mercury can be described, as a simple liquid 1 , though it is a very unusual element compared to other close-shell elements. As an example, it is the only metal liquid at ambient conditions, due to relativistic effects on the core electrons 2, 3 , and it exhibits anomalous electronic properties 4 compared to others transitional metals. At low densities it undergoes a gradual metal (M) non nonmetal (NM) transition due to the lack of overlapping between the 6s and 6p bands 5 . This transition occurring at a density around 9 g/cm 3 has been largely investigated both theoretically and experimentally 6 . In correspondence to this transition the density dependence of the sound velocity in liquid mercury shows an abrupt change 7, 8 which has been related to the modification of the interatomic interaction 9 when the non metallic state is attained.
While the low-density regime has been widely studied 7, 8 , the properties of liquid mercury at high densities are not well known. At high densities the repulsive part of the pair potential function mainly determines the sound propagation velocity 10 , thus the study of liquid mercury under compression can provide interesting insights on the short range part of the interatomic interaction 11 . Furthermore, one of the most fundamental properties, i.e. the pressure-volume-temperature relation, which characterizes the thermodynamic equilibrium state, can be derived from the measurements of sound velocities as a function of pressure. Knowledge of this relation in the high density regime is here relevant to constrain the results of theoretical simulations on mercury and thus to improve the model of the effective pair potential function 8, 10, 11 . Unfortunately the measurement of the density at high pressures in equilibrium liquid state is technically demanding 12 , which explains why data in liquids at high pressure are still scarce. To supply to this lack, numerous analytical representations (called equations of state) have been suggested 13, 14 , which allows to extrapolate the density measurements carried out at moderate pressures. However, different methods often lead to incompatible results 15 and the effectiveness for such analytical predictions needs to be validated against experimental high pressure data.
In this work, we report the measurements of sound velocity in liquid mercury at high pressures obtained by the picosecond acoustics technique [16] [17] [18] [19] [20] coupled with a surface imaging technique [21] [22] [23] . The experimental set-up used in this work is shown in the figure 1. The light source is a femtosecond Ti:sapphire laser delivering λ=800 nm light pulses of about 100 fs width, at a repetition rate of 79.66 MHz. The output of this pulse laser is splitted into pump and probe beams. The pump beam is modulated at the frequency of 1 MHz by an acousto-optic modulator. A lockin amplifier synchronized with the modulation frequency is used to improve the signal-to-noise ratio. The pump is focused onto a small spot (3 µm) of the sample which creates a sudden and small temperature rise of about 1 K. The corresponding thermal stress generated by thermal expansion relaxes by launching a longitudinal acoustic strain field mainly along the direction perpendicular to the flat parallel faces of the sample. The probe beam is delayed according to the pump through a 1 m length delay line used in 4 pass allowing a total temporal range of 13.333 ns with 1 ps step. Probe beam is focused into a spot on the opposite surface of the sample. The variation of reflectivity as a function of time is detected through the probe intensity variations. These variations are due to thermal and acoustic effects which alter the optical reflectivity. The photo-elastic and the photo-thermal coefficients contribute to the change of both the imaginary and real part changes of the reflectivity 24 , whereas the surface displacement only modifies the imaginary part. The detection is carried out by a stabilized Michelson interferometer which allows the determination of both the reflectivity imaginary and real part changes 25 . A 100 µm x 100 µm surface imaging of the sample can be done by a scan of the probe objective mounted on a 2D translational motor.
I. EXPERIMENTAL SET-UP
A membrane diamond anvil cell (DAC) is used as high pressure generator. The pressure is determined by the shift of the SrB 4 O 7 :5%Sm 2+ fluorescence line which is known to be temperature independent 26 with an accuracy of 0.1 GPa. To reach high temperatures the DAC is placed in a resistive furnace. The temperature measurements were calibrated with the well known melting line of Hg 27 and checked by a thermocouple glued on the diamond. The relative uncertainty on the temperature is estimated around 1%.
Ultra-pure mercury (99.99 %) from Alfa Aesar was used during the whole sets of experiments. The gasket material was rhenium, known to be chemically inert at high temperature with mercury 28 . Moreover, no reaction is expected between carbon (i.e. diamonds) and mercury 29 . A small droplet of liquid mercury was loaded in a 200 µm diameter gasket hole whose thickness is between 20 and 70 µm. A large diameter hole is here chosen to avoid acoustic reflections from the edges of the gasket.
II. SOUND VELOCITY MEASUREMENTS

A. Temporal method
In this first configuration, the probe beam is focused to a spot on the opposite surface of the sample with respect to the surface illuminated by the pump, the two beams being collinear. The variation of reflectivity as a function of time is detected through the measurement of the intensity modification of the probe, which is delayed with respect to the pump by a different optical path length.
After propagation along the sample, the contribution of acoustic effects alter the optical reflectivity of the opposite surface of the sample opposite to the incoming beam.
As a matter of fact, a peak in the reflectivity is observed as soon as the acoustic waves reach the sample surface (see figure 2a ). Note that, since liquid mercury is fully embedded into the gasket hole, the peak-echo arises at a time ∆t corresponding to a single way of the acoustic wave into mercury along the thickness between the surfaces of the two DAC diamond culets. In the present study, for each pressure and temperature condition, longitudinal acoustic echoes have been systematically observed in the recorded time variation of the reflectance imaginary part. For two different pressures at a fixed temperature, the figure 2b) illustrates the temporal shift of the acoustic echo.
Along four isothermal experiments, the sound velocity v as a function of pressure was derived using this method (here called "temporal" method) from the pressure variations of ∆t and from the use of the following equation (1) 30 :
where e 0 is the gasket thickness (note that here, the subscripted "0" indicates that the measurement is carried out with a particular and fixed spatial position of the probe, i.e. in the axis of the pump beam). t 0 is the corresponding emergence time of the wave at the surface of the diamond culet as observed on the recorded reflectivity variation. In order to relate t 0 to the relevant travel time ∆t, it is here required to determine p and τ . The integer p takes into account the successive generation of echoes due to the the laser repetition rate, and the value of τ corresponds to the time at which the pump-probe coincidence occurs. p is first "hand-made" assigned taking into account a rough estimated value of the travel time. We will explain in the next subsection how the validation of the p value can be done using the imagery method. Concerning τ , we have previously measured it in an aluminum thin film outside and inside the DAC (the variation of the optical path due to the presence of diamonds DAC, around 2 mm thick, is negligible). For the present set-up, we obtained τ = 0.330 ± 0.002 ns.
Whereas this configuration allows a simple and quick way to extract the sound velocity, its major and evident disadvantage comes from the need to know the gasket thickness at each thermodynamical conditions. We thus have developed an additional set-up, called "imagery" method, in order to be able to determine both v and e 0 experimental values.
B. Imagery method
For a given pump-probe delay the bulk spherical wavefront generated by the pump laser reaches the opposite surface of the sample and produces circular patterns. The spherical wavefront is due to acoustics diffraction produced by the tightly focused laser beam as described in figure 3 . In the source near-field the corresponding wavefront is complex but it can be demonstrated that the detection occurs on the opposite side of the sample, i.e. in the far-field. The transition between the near-field and the far field occurs at the depth 31 :
where d=3 µm is the diameter of the laser spot and λ ac the mean wavelength of the acoustic wave packet. The mean frequency of the wave packet extracted from a Fourier transform of a temporal scan is roughly 0.6 GHz (see the inset of figure 2a) leading to λ ac ≈ 1µm. The transition distance z t = 2 µm is thus well lower than the sample thickness which simplifies the analysis of the detection process, done in the far field approximation.
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FIG. 3.
Schematic diagram of the liquid mercury inside the DAC (note that diam. stands for diamond anvil). Spherical wavefronts produced by the tightly focused pump beam are due to acoustic diffraction. On the probe side, the radius R(t) of the circles appearing on the surface depends on the sample thickness e0 and on the radius of the acoustic wavefront e(t).
A typical 100 µm x 100 µm image associated with the integrated intensity profile is shown in figure 4 . The center of the acoustics rings is spatially determined with an uncertainty lower than ±0.5 µm in the two directions perpendicular to the beam. Due to the repetition rate of the laser, theses patterns are renewed every T laser =12.554 ns. Perfect circular rings are expected in the liquid phase (taking into account that diamond culets stays parallels and are not deformed at high pressure 32 ). The solid phase of mercury (α-Hg) is easily detected since the acoustics pattern is here no longer circular due to the anisotropy of the crystal. For each thermodynamical condition, the acoustic wave front image is recorded as a function of pump-probe delay, with a time step of 0.1 ns. All the corresponding integrated profiles can be stacked together into a graph ( fig. 5 ) where the vertical color scale indicates the regions of high (red) and low (blue) reflectivity. The main longitudinal wave propagating in mercury appears at 5, 17.5 and 30 ns. The waves at 1, 13.5, 26 ns and 11, 23.5, 36 ns correspond to the first and second reflections of the main bulk wave, respectively. As evident by ( fig. 5 ) some ripples have a linear dependance of the radius with time. This is the signature of surface skimming bulk waves (SSBW) propagating in the diamond parallel to the surface 33 . Considering the evolution of spherical wavefronts inside the sample as shown in (figure 3), the time evolution of the ring diameters R(t) is given by :
where e(t) = v(pT laser + t − τ ) is the distance covered by the wavefront acoustics wave inside the sample.
Eq. (3) is fitted to the experimental radius (black dots on fig. 5 ) with the sound velocity v and the arrival time t 0 as free parameters. Then the thickness e 0 is deduced with eq. 1. Knowing the velocity v and the sample thickness e 0 , it is now straightforward to predict the radius evolution R n (t) for the n th reflected wave
where p n is an integer properly chosen and t n 0 can be calculated from t 0
Pink and green lines shown in fig. 5 stand for the first and the second reflections respectively. The good agreement between the ripples and the lines confirm the assignment previously done.
An accurate determination of the experimental radius is related to a correct interpretation of the integrated profile, to avoid systematic errors on the parameters t 0 and v. The integrated profile shows an antisymetric wavelet (as observed in the figure 4 between 0 and 10 µm), related to the bipolar strain of the acoustic pulse 34 . Once generated, the acoustic pulse is immediately reflected at the interface diamond/mercury. As a consequence, the spatial extension of the pulse is doubled 19 . The part of the pulse generated exactly at t = τ is the midpoint of this pulse. Thus the experimental value of the radius corresponds to the midpoint of the perturbation seen in surface, in this case the inflection point. Finally, the alteration of the integrated profile due to the acoustic dispersion is supposed negligible 19 .
C. Results
We however emphasize that, while this imaging configuration is thus very powerful (both thickness and sound velocity of the sample are determined using a self consistent method), it has the main disadvantage to be very time consuming nothing compare to the couple of seconds needed by the "temporal method". We thus only used the imagery method at few pressures (about three or four pressures per isotherms) in order to extract both v and e 0 for each point. The velocities and the corresponding thicknesses obtained by the imagery method are shown respectively in the fig. (6) and the fig. (7) by the squares. At ambient condition, the sound velocity is 1450 ± 15 m/s in good agreement with the previous studies 13, 35 . Upon the pressure downstroke we observed a weak pressure dependence of the thickness, as previously published 36 . Although the volume increases when the pressure decrease, the thickness remains constant due to complex plasticity process inside the gasket 37 . A simple linear interpolation of these experimental points is used and provides a reliable estimation of the thickness variation as a function of pressure for the whole pressure and temperature range of the experiments. The sample thickness being known, the sound velocity can be directly extracted by a scan with temporal method. 
III. COMPRESSION CURVE A. Thermodynamical relations
The density variations as a function of pressure and temperature can be extracted from the sound velocity measurements via classical thermodynamic relations 13, [38] [39] [40] . The adiabatic sound velocity 41 v is related to the adiabatic compressibility by β S = 1/ρv 2 and to the thermal compressibility β T = 1/ρ(∂ρ/∂P ) T by
where C P is the isobaric heat capacity and α P is the thermal expansion coefficient at constant pressure defined by
Relation 6 can be rewritten as
The integration of equation (8) between arbitrary pressures P 1 and P 2 leads to the equation
where the variation of C P with pressure can be evaluated via
The three equations (7), (9) and (10) are used into the modified recursive procedure 38 described in the following in order to obtain the density as a function of pressure and temperature. 
B. Recursive numerical procedure
This procedure needs as input parameters the sound velocity as a function of temperature and pressure, and the temperature variations of ρ and C P at room pressure P 0 . All high pressure sound velocity values come from our work (see table (I) and figure 6 ). At ambient pressure the data from Coppens et al 42 and Jarzynski 43 v(P 0 , T ) are appended to our experimental values.
All data are interpolated and smoothed by a polynomial function P = i,j a ij T i v j . The function P (T, v) is chosen because it predicts a steady increase of velocity with pressure, whereas the function v(P, T ) leads to a maximum in velocity as a function of pressure without any physical meaning 13 . The coefficients a ij are shown in table (II). The density ρ(P 0 , T ) is calculated from the polynomial formula given by Holman (equation (28) in the Ref. 44 ). The coefficient of thermal expansion α P (P 0 , T ) is directly deduced from the density using equation (7). The values of heat capacity C P (P 0 , T ) between 273 K and 800 K are interpolated from the measured values of Ref.
45 using a third order polynomial function. The best interpolation relation obtained is C P (P 0 , T ) = 152.77098−0.06585 T + 6.89659 · 10
Starting from the room pressure values P 0 , the values at higher pressures are obtained by a small pressure increment ∆P = P 2 − P 1 = 0.01 GPa from the already determined pressure step P 1 to the next calculated pressure point P 2 . At each pressure step, the quantities ρ, α P and C P are calculated. All the quantities are evaluated between 20 and 240˚C with a temperature step ∆T = 1 K. The main expression is the equation (9) involving the density calculation at P 2 . The first integral in the equation 9 is evaluated numerically with the function P (v, T ). This term represent the major contribution of the variation of density and it depends only on velocity and an accurate numerical integration. The second term in the equation (9) contributes for roughly 15% of the density value and is evaluated iteratively until convergence. In the first step of the iterative process the quantity T α 2 P /C P is kept constant leading to a first crude approximation of the density at pressure P 2 . Then α(P 2 , T ) is deduced from this first approximation using equation (7) . In the second iterative step the variation of α P is taken into account by a linear interpolation between α P (P 1 , T ) and α P (P 2 , T ) and introduced in equation (9) while C P is still kept constant leading to a first refinement of the density value. This process is repeated until the convergence of the ρ(P 2 , T ) value is reached. During this procedure, α P (T ) is smoothed by a third order polynom to avoid the side effects occurring with the numerical derivation. Finally, the C P (P 2 , T ) value at the new pressure P 2 is obtained by a linear extrapolation of the C P (P 1 , T ) value at P 1 and its derivative through equation (10) .
In order to evaluate the robustness of this numerical procedure, we have performed a test on the well known thermodynamic data of liquid water 46 in the temperature range 280-340 K and the pressure range 0.1-50 MPa with ∆T = 1 K and ∆P =0.1 MPa. We have obtained results in very good agreement with the literature data, the comparison providing the relative uncertainties due to the numerical procedure. The uncertainties are ±0.002% for density, ±1% for thermal expansion and ±0.5% for heat capacity. The uncertainties on final parameters of liquid mercury have been evaluated by the introduction of small perturbations in the three input quantities v(P, T ), ρ(P 0 , T ) and C P (P 0 , T ). An increase or decrease of the sound velocities data by 10 m/s leads to a variation of ±0.15% of the density, ±1.7% of the thermal expansion and ±0.7% of the heat capacity. The relative uncertainty in ρ(P 0 ) 44 is roughly 10 −6 and accounts for a ±0.5% relative variation of the thermal expansion and ±0.8% of the heat capacity. According to Douglas 45 the heat capacity C P (P 0 , T ) is known at ±0.3%. This leads to a ±1.2% relative variation of the thermal expansion and ±1% of the final heat capacity. Finally, the different uncertainties are quadratically summed. The maximal uncertainties associated to the absolute measurements of the different quantities are around ±0.15% for the density, ±3.8% for the thermal expansion and ±3.4% for the heat capacity. The quantity C P is not shown because the variations of C P deduced from the numerical procedure have the same order of magnitude than the uncertainty.
IV. DISCUSSION
In figure 12 we report present and previous 5 measurements of the adiabatic sound velocity as a function of density for different temperatures. The wide density range here reported spans from the low density nonmetallic state to the high-density metallic one. As previously observed, in the metallic state the density is the most relevant parameter for determining the sound ve- locity, while pressure and temperature dependence of v at constant densities is small. The effect of temperature on the density dependence of the sound velocity is shown in the insert of figure 12 . Conversely, on the nonmetallic side, v varies slowly with density and it exhibits appreciable pressure (or temperature) dependence. This indicates that in the liquid metal the sound velocity can be described as a functional of density, and the different thermodynamic conditions produce only second order effects.
Near 9 g/cm
3 , where the M-NM transition occurs, a clear inflection is observed due to the loose of the metallic character and the consequent modification of the interatomic interaction 10 . As can be observed, in the metallic state the sound velocity decreases rapidly with density with a decreasing rate of ln(v)/ ln(ρ) of the order of 2.72 ± 0.02 49 (dashed line in figure 12 ), which is also followed by our high pressure data.
In a crystal the propagation velocity of acoustic phonons can be directly linked to the derivatives of the pair potential. Due to the lack of translational invariance, it is not possible to formally write the same relation for the liquid. However empirical relations can be established which link the acoustic sound velocity to the effective interatomic interaction 50 in liquid metals. The scaling law here observed for the sound velocity as a function of density in the metallic state is thus indicative that pressures up to 7 GPa produce no significant change in the electronic density of the system and thus in the effective interatomic potential.
In conclusion, we performed accurate measurements of sound velocity in liquid mercury up to 7 GPa and temperatures up to 240˚C using an original experimental method, the picosecond acoustics surface imaging in DAC. We show that the thickness of the sample in a DAC can be accurately determined in-situ by this technique as a function of pressure and temperature. Using present velocities data, the density of the fluid is derived together with the pressure dependence of diffferent thermodynamic quantities as the bulk modulus or the heat capacity.
From a more general point of view, our study demonstrates that picosecond acoustics in DAC is a powerful technique to quantitatively extract sound velocity, density or thermodynamical quantities in liquid metals under extreme conditions. These state-of-the-art experiments will certainly be useful in several applied problems and many other fields such as geophysics.
